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INTRODUCTION 57
The use of matrix-assisted laser desorption ionisation-time of flight mass spectrometry 58 (MALDI-TOF/MS) for the identification of bacterial species has been a major 59 M A N U S C R I P T
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5 be best differentiated by molecular methods [3, 12] . Identification of these novel species 82
by MALDI-TOF/MS is not yet possible, since a thorough study that evaluates the 83 distinctness of spectral signatures of all the species within the Ab group and provides 84 reference spectra for the novel species is still lacking. In addition, several studies have 85
shown that while the Bruker MALDI-TOF BioTyper system correctly identifies almost 86 all A. baumannii and A. pittii isolates, identification rates for A. nosocomialis range at 87 about 70%, suggesting that the Bruker database should be updated and further improved 88 to allow efficient identification of all Acinetobacter species [8, 13, 14] . 89
The aim of the present study was to perform an in-depth analysis of the spectrum 90 profiles of all the Acinetobacter species currently included in the Ab group, and 91 generate reference spectra to allow accurate and reliable identification to the species 92 level by MALDI-TOF/MS. 93
MATERIALS and METHODS 94
Bacterial isolates 95
The present study included 78 isolates belonging to the five Acinetobacter species 96 within the Ab group, A. baumannii (n=16), A. nosocomialis (n=24), A. pittii (n=15), A. 97 dijkshoorniae (n=12) and A. seifertii (n=11), mainly obtained from clinical samples in 98 different geographical locations over a period of 15 years (Supplementary Table S1 ). 99
Isolates were identified at the species level by sequencing of the RNA polymerase β-100 subunit (rpoB) gene and multilocus sequence analysis (MLSA), as described previously 101
[3]. Isolates were preserved at -80°C in 10% skimmed milk until use.
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Dickinson, Heidelberg, Germany) at 37ºC and subjected to ethanol-formic acid 105 extraction according to [5] . 106
One microliter of each bacterial extract was spotted onto a MALDI target plate (MSP 96 107 target ground steel; Bruker Daltonics, Bremen, Germany) and air-dried at room 108 temperature. Each spotted sample was then overlaid with 1 µL of a saturated matrix 109 solution (α-cyano-4-hydroxy-cinnamic acid; Bruker Daltonics) in 50% acetonitrile-110 2.5% trifluoroacetic acid (Sigma-Aldrich chemical Co., Madrid, Spain) and air-dried. 111
For MALDI-TOF/MS analysis performed directly from grown bacterial colonies, a 112 small fraction of a single colony was spotted onto the MALDI target plate, carefully 113 spread and subsequently overlaid with 1 µl of matrix. 114 MALDI-TOF/MS was conducted in a Microflex LT (Bruker Daltonics) benchtop 115 instrument as described previously [5] . Bacterial extracts from all isolates were spotted 116 5 times onto a MALDI target plate and each spot was measured twice, resulting in 10 117 mass spectra for each individual isolate. Direct colony samples were spotted twice, and 118 each spot was also measured twice, resulting in 4 mass spectra for each individual 119 isolate. 120
MALDI-TOF/MS data analysis 121
Spectra from bacterial extracts were loaded into the ClinProTools software (version 2.2; 122
Bruker Daltonics) and prepared for analysis with the following parameters: 800 123 resolution, Top Hat baseline subtraction with a 10% minimal baseline width and no data 124 reduction. Null spectra and noise spectra exclusion with a noise threshold of 2.00 were 125 both enabled and spectra grouping was also supported. Peak selection and average peak 126 list calculation ranged from 2,000 to 10,000 mass to charge ratio values (m/z), andM A N U S C R I P T A C C E P T E D A. pittii (n=7), A. dijkshoorniae (n=6) and A. seifertii (n=5). Selection was performed on 139 the grounds of the spectral analysis in order to include as much diversity as possible 140 within both sets, prioritising the reference set whenever an equitable distribution was 141 not possible. Classification models were generated using the genetic algorithm (GA), rpoB-based cluster analysis as well as MLSA cluster analysis were performed as 161 described elsewhere [3] . 162
RESULTS
163
Spectral analysis 164
Seventy-eight Acinetobacter isolates representative of A. baumannii, A. nosocomialis, 165
A. pittii, A. dijkshoorniae, and A. seifertii were used to identify species-specific 166 biomarker peaks using the Bruker ClinProTools software. Acquired spectra were loaded 167 into ClinProTools and grouped into 5 different classes, one for each Acinetobacter 168 species, and the average spectrum for each class was calculated. A detailed spectra 169 analysis of each species was performed in the region between 2,000 and 10,000 m/z that 170 concentrated the bulk of mass peaks, and several species-specific peaks ranging from 171 2876 to 8857 m/z values were identified ( Table 1) For A. dijkshoorniae, the analysis of spectra identified 4 masses that were present in all 217 isolates and were also unique to this species: 3 major peaks located at 4430, 5788 and 218 8857 m/z values ( Figure 1D, 1E and 1J) , as described previously [3] , as well as a 219 smaller peak at 6729 m/z ( Figure 1F) . Since there were no reference spectra for this 220 novel Acinetobacter species in the Bruker taxonomy database, the best identification 221 matches of spectra from A. dijkshoorniae isolates were to A. pittii reference spectra. 222
Interestingly, the first two best matches were always to the same A. pittii reference 223 spectra (A. pittii serovar 18 DSM9341 and serovar 22 DSM9318), with log scores >2.0,M A N U S C R I P T
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11 novel A. dijkshoorniae species. Of note, the MSPs for these isolates were used to screen 227 our Acinetobacter collection and led to the identification of 3 isolates that turned out to 228 be A. dijkshoorniae by molecular methods. 229
For A. seifertii, a unique peak was present at 7446 m/z (Figure 1G 
As it occurred with A. dijkshoorniae, there were no reference spectra for A. seifertii in 238 the Bruker taxonomy database either, and the best identification matches were to A. 239 baumannii reference spectra. However, the first best match was always to the same A. 240 baumannii reference spectra (A. baumannii CS_62_1 BRB) with log scores >2.0, while 241 the subsequent best matches showed log scores <2.0. The MSP for A. baumannii 242 CS_62_1 BRB was also used to screen our Acinetobacter collection and it led to the 243 identification of one isolate that was confirmed as A. seifertii by molecular methods, 244 again suggesting that the isolate used to create the MSP A. baumannii CS_62_1 BRB 245 most likely belonged to the novel A. seifertii species. 246
Generation and validation of pattern recognition models 247
Spectra from a reference set of isolates (see Materials and Methods) were uploaded to 248 the ClinProTools software and grouped again into 5 different classes according to eachM A N U S C R I P T
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Classifier algorithms to select an optimal set of peaks that allowed correct species 252 allocation of the spectra used for model generation. All three algorithms provided 253 recognition and cross-validation values above 95% and 87%, respectively, suggesting 254 that successful differentiation of all 5 Acinetobacter species was possible. Of the three 255 algorithms, the SNN model yielded the highest recognition and cross-validation values 256 (100% and 92.6%, respectively) and was therefore selected to evaluate its ability to 257 classify spectra from isolates not included in the generation of the model (external 258 validation). The SNN model was able to allocate most of the spectra from the 38 259 isolates of the validation set to their corresponding Acinetobacter species, resulting in a 260 positive predictive value (PPV) of 96.8% ( (Figure 2) . 269
Cluster analysis of MSPs from all the Acinetobacter species within the Acinetobacter 270
calcoaceticus-Acinetobacter baumannii complex (which includes the Ab group) 271
grouped MSPs from each Acinetobacter species into separate monophyletic clusters 272 (Figure 4) . Interestingly, the two MSPs from representative isolates of A. nosocomialis 273 group II were grouped more closely to A. baumannii MSPs than to those of A. Likewise, the identification of spectra from direct colonies instead of bacterial extracts 289 yielded sensitivity and specificity values ranging from 91.7-100% and 98.0-100%, 290 respectively, with a PPV of 96.8% (Table 2) . 291
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DISCUSSION 292
In the present study we have compared for the first time the spectral profiles of the 293 current members of the Ab group, including the novel A. seifertii and A. dijkshoorniae 294 species. Spectral analysis has allowed the identification of a conserved set of peaks that 295 are present in all isolates and, therefore, are linked at least to the Ab group. Four of 296 these peaks correspond to 4 out of the 5 peaks described by Sousa et al. as being 297 specific to the Acinetobacter genus (4662, 5176, 6949 and 9323 m/z) [17] . We have 298 found, however, that the peak described by Sousa et al. at 7435 m/z is present in allM A N U S C R I P T
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The thorough analysis of all spectra has also led to the identification of several peaks 301 that are unique to each Acinetobacter species and might serve for identification 302 purposes. The majority of such peaks corroborate previous findings but, nevertheless, 303 remarkable differences have also been found. For instance, previous studies have 304 reported a peak at 2875 m/z as specific to A. baumannii [5, 19] , although Sousa et al. 305 reported such peak in A. nosocomialis [17] . In the present study, we have identified a 306 peak at 2876 m/z in all A. baumannii isolates that overlaps with a small intensity peak 307 centred around 2869 m/z present in some A. nosocomialis isolates. The presence of such 308 a peak might be misleading for identification purposes (data not shown). Likewise, 309
Hsueh et al. identified a peak at 2889 m/z that was unique to A. pittii [14] and in our 310 study this peak is indeed present in all A. pittii isolates but it is also identified in several 311 isolates of A. nosocomialis and A. dijkshoorniae; and a peak at 9542 m/z considered as 312 unique to A. seifertii by Sousa et al. [17] is clearly present in several A. pittii and A. 313 dijkshoorniae isolates in our study. 314
In addition, the comprehensive examination of the A. nosocomialis isolates has led to 315 their differentiation into two groups according to their spectra profiles. Isolates included 316 in group I contain 4 A. nosocomialis-specific peaks while isolates in group II only show 317 two of these peaks but share two additional peaks with A. baumannii. Interestingly, of 318 the 5 reference spectra (MSPs) for A. nosocomialis included in the Bruker taxonomy 319 database (Figure 3) , 4 originated from isolates belonging to group I and only one was 320 representative of group II. These differences together with the underrepresentation of 321 group II MSPs in the default BioTyper software might account for the low rates ofM A N U S C R I P T
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coupling MALDI-TOF/MS with chemometric methods [17] . These novel approaches 327 have certainly improved the differentiation of the former members of the Ab group, but 328 they have failed to provide automated spectra acquisition linked to automated species 329 identification and, therefore, cannot be successfully implemented in routine clinical 330 laboratories. In addition, none of these studies have thoroughly evaluated the 331 identification of the novel members of the Ab group, A. dijkshoorniae and A. seifertii. It is also clear from this study that achieving correct identification of bacterial species 363 by MALDI-TOF/MS strongly relies on the accuracy and robustness of the reference 364 database, which needs to be constantly refined and validated on a par with an evolving 365 taxonomic classification. 366
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